Historically, population differences were quantified using cranial indices. Even though the application of indices is associated with numerous statistical and methodological problems, the use of cranial indices to estimate ancestry persists as demonstrated by its inclusion in several recent papers and conference presentations. The purpose of this study was to classify 207 South African crania and compare the results of five standard cranial indices to linear discriminant analysis (LDA). New sectioning points were created to contend with low classification accuracies (40% -79%) and possible secular trends. Although the accuracies of the new sectioning points increased (66% -87%), the accuracies associated with the stepwise LDA were higher (84%) and could classify the crania into one of the three South African groups. The results of the study demonstrate that indices cannot compete with multivariate techniques and should not be used in forensic anthropological analyses for ancestry estimation.
3 information may be masked or, more likely, lost (21, 22) . For instance, the score calculated with the cranial index can result from a large cranial length, large cranial breadth, or a combination of both. The variation associated with each measurement is lost when translated into an index.
Besides the statistical issues associated with indices, several methodological problems also exist. The dependence on univariate measures for classification ignores the literature that states the inclusion of more variables rather than less variables maximizes differences when categorical response variables exhibit some degree of overlap, such as sex and ancestry (23, 24) . Second, the use of indices fails to satisfy Daubert criteria. Not only does Daubert demand that scientists ensure their methodology is accurate, precise, testable and peerreviewed, it also requires techniques to have associated error rates to be admissible in a court of law (25) (26) (27) . Third, cranial indices were generally derived from antiquated populations (e.g. 11) , and their continued inclusion in analyses ignores the surplus of data revealing secular increases in cranial dimensions and body size (22, 28, 29) . Admittedly secular change may potentially influence all variables and the studies that utilize them -not just the indices.
However, secular changes may have a larger effect on classification when only looking at two variables (i.e. indices) as opposed to the cranium as a whole (i.e. multivariate) (29) .
Despite the recognized problems, numerous -and recent -peer-reviewed publications and conference presentations continue to use cranial indices for forensic purposes, citing "clear racial trends" and emphasizing the importance of indices in evaluating both ancestry and sex differences (30) (31) (32) (33) (34) (35) (36) (37) (38) . Because it is unknown what methods practitioners depend on during forensic analyses, a recent survey was conducted in South Africa. Among the 30 forensic practitioners (e.g. anthropologists and pathologists) in South Africa that responded to the survey, 30% stated they include cranial indices in the suite of methodologies used to analyze skeletal remains. While 30% does not make up the majority, the number is surprisingly large considering the inherent problems associated with the use of indices and the availability of more robust statistical methods. Furthermore, the participants that use indices ranged from having an honours degree to a doctoral degree and self-identify anywhere as a novice to an expert. Such results demonstrate that the use of indices is prevalent in the classroom and laboratory setting and is not limited to a specific generation. 
Materials and Methods
The sample consisted of 79 crania of black and 78 crania of white modern South
Africans from the Pretoria Bone Collection (PBC), housed at the University of Pretoria.
Within each modern South African group, the sexes were equally distributed. (41) . Due to the paucity of historical records and illegitimate manner in which the remains were collected, the population affinity of individuals in the collection has been questioned (42) . All crania utilised in the current study were of adult individuals and were without extensive alveolar resorption, post-mortem damage, pathology or healed fractures.
Ten standard measurements, which included the maximum cranial breadth (XCB), maximum cranial length (GOL), bizygomatic breadth (ZYB), upper facial height (NPH), orbital height (OBH), orbital breadth (OBB), nasal height (NLH), nasal breadth (NLB), basion-prosthion length (BPL) and cranial base height (BBH) were taken to the nearest millimeter with standard spreading and sliding calipers. The ten measurements were used to calculate five indices pertaining to cranial dimensions, namely the CI, UI, NI, OI and GI (Table 1 ). The sectioning points that were used to classify the skull as either South African Tukey's range test was used in conjunction with ANOVA in order to determine which of the means of the three groups were significantly different from each other (46 where an actual break is in the data rather than equal intervals as is with manual sectioning points. The classIntervals function was used, specifying the Fisher method, from the classInt package in R (49).
Discriminant analysis was employed to discern population differences based on the original ten measurements. Discriminant analysis identifies relationships between qualitative criteria and quantitative predictor variables and ultimately defines boundaries used to distinguish between different groups (50) . A linear discriminant analysis (LDA) is used if the requirements of a sufficient sample size, multivariate normal data and equal variancecovariance matrices are met (23, 24, 51) . While these requirements should be satisfied, LDA is capable of performing sufficiently even when the requirements are violated (23) . The ten measurements were analyzed with the inclusion of all variables as well as a backward stepwise variable selection to determine which combination of variables achieved the highest overall correctness rate. Stepwise variable selection is a technique that identifies the measurements that best separates the groups and removes the superfluous variables that do not contribute to increased classification (52) . All LDA models were conducted with equal, rather than proportional, priors and leave-one-out cross-validation (LOOCV). With LOOCV, one individual is removed from the sample and a discriminant function is calculated using all of the remaining individuals; the function is then used to classify the removed individual into the most similar group (23) . A direct comparison was made between the accuracies of the sectioning points and the accuracies of the LDA to determine which approach yields the highest number of correct classifications. The packages MASS and klaR were utilized in R to employ the all measurement and stepwise models, respectively (53, 54) .
Results
The percent correct was calculated for each population based on the De Villiers indices (Table 3) ; the NI performed the best overall (79%), while the CI and UI performed the worst overall (40% and 41%, respectively). With both CI and UI, a large number of individuals misclassified as black and as a consequence, resulted in low accuracy rates for the South African whites (14% and 17% for CI and UI respectively) and Khoesan (11% and 10%, for CI and UI respectively). The GI misclassified a large proportion of the crania as white and thus South African whites presented with the highest correct classifications (93%).
In contrast, South African blacks and Khoesan presented with the lowest number of correct classifications for the GI (19% and 33%, respectively). Because De Villiers noted similar values among groups for both the OI and NI, assignment was into two rather than three groups. Thus, South African blacks and whites were pooled for OI and South African blacks and Khoesan were pooled for NI. Although NI had the overall best classification, the correct classification for white South Africans was only 59%, which was in contrast to the high correct classification of black South Africans (89%) and Khoesan (96%).
The ANOVA resulted in statistically significant differences (p < 0.05) for all five indices. When further explored with Tukey's range test, results revealed statistically significant differences between two of the three groups for all five indices. The lack of significant differences (p > 0.05) between the group means for the UI, CI, GI, and NI 8 suggested the Khoesan and South African blacks should be pooled. The OI was the only index to demonstrate significant differences between the Khoesan and South African blacks (p < 0.001), and Khoesan and South African whites (p < 0.001); suggesting the black and white groups should be pooled for the OI. When the original measurements were visualized with density plots, the overlap between the populations is evident (Figure 1 ). Based on low percent correct results, new sectioning points were created for all indices except UI. Although the ANOVA noted significant differences between the groups for UI, minimal differences between group means made the creation of sectioning points impractical. For the remaining four indices, sectioning points were created manually and with
Fisher natural breaks; percent correct was subsequently recalculated (Table 4) . While the emphasizing that all of the newly derived indices classify individuals into two groups rather than three groups because of a lack of statistical differences among the three groups (ANOVA results). The new sectioning points for the indices resulted in increased accuracies (66% -87%) (Table 5 ). However, only the NI was able to produce a percent correct of 75% for all three South African groups. The stepwise selected LDA model achieved better results than the LDA model utilizing all of the variables ( Table 6 ). The three-way LDA resulted in an overall correctness rate of 84% with seven stepwise selected variables, namely XCB, GOL, OBH, OBB, NLB, Table 6 . Classification accuracies based on the LDA models.
Stepwise All measurements
Black

84% 81%
White 88% 87%
Khoesan
80% 80%
Overall 84% 83%
NLH, BPL and BBH. The NLB and NLH contributed the most to the first linear discriminant variable while OBH contributed the most to the second linear discriminant variable.
Evaluation of population-specific classification accuracies revealed that white and black South Africans achieved the highest correct classifications (88% and 84% respectively), and the Khoesan achieved a slightly lower correct classification (80%).
Discussion and Conclusions
The results indicate that multivariate techniques produce higher accuracies than cranial indices in ancestry estimation, which can be attributed to the limitations of twodimensions and numerous statistical and methodological problems. In sum, the high misclassifications result from indices not capturing the wide range of human variation present within and among the groups. Although the application of cranial indices was once a common technique in the 19 th and 20 th centuries, the classification accuracies obtained in this study using the DeVilliers (11) and Steyn (43) indices were poor.
Univariate comparisons indicated that the crania of Khoesan are not significantly different from the crania of black South Africans; therefore, distinction between Khoesan and black South Africans is not possible when using a univariate approach. While the historic Khoesan exhibit both genetic and morphological characteristics that distinguish them from black South Africans, there is evidence of gene flow between the historical Bantu-speaking 11 and indigenous groups early in history (55) . Currently, language is one of the major factors of self-identification among black South Africans and nine of the eleven official languages are Bantu-speaking languages (56) . Herbert (57) suggests that the past relationship between the Khoesan and Bantu-speaking groups were characterized by frequent and intimate interactions, which included trade and intermarriage and occurred over several centuries. The heterogamy resulted in composite groups existing all over southern Africa (57) . Population history indicates that the two groups have shared histories and genetics and the similar genotypes may result in phenotypes that one index cannot differentiate. In contrast to the indices, the LDA could differentiate the two groups and yield high accuracies.
Another possible influential factor in the accuracies that should be considered is the age distribution of the sample. A large disparity between the age distributions may skew the results as previous studies have noted remodeling and increased dimensions in the skeletal structure of middle-aged to old individuals (58, 59) . While the age distribution of the Khoesan sample used in this study is unknown, the age distribution of the South African blacks and whites are similar and inclusive of individuals throughout the entire adult age spectrum.
Furthermore, the age distributions are analogous to the age range used by DeVilliers (11) (17 to 95 years). Albert et al. (58) reported only slight increases (between 1.1mm and 1.6mm) in the craniofacial dimensions of older individuals, with facial height exhibiting the greatest change due to antemortem tooth loss. Thus, while the effects of age-related craniofacial remodeling should be acknowledged, age is not expected to be a major contributing factor to the rate of misclassification observed with the indices.
Although a substantial improvement in correct classifications was noted with the new sectioning points, the improved results are likely due to the pooling of at least two of the three groups for all the indices. As expected, the highest classification accuracies were obtained with the NI and GI as these indices focus on mid-facial features of the cranium. The majority of the measurements chosen for the stepwise model correlated with the indices that produced the highest percent correct, namely the OI, NI and GI. Although the NI produced an accuracy (87%) that appears to be slightly higher than the LDA accuracy (84%), the NI only classified the crania into two groups while the LDA classified the crania into three groups.
The highest correct classifications were achieved by white and black South Africans, which suggest the stated groups have the largest between-group variation. 12 The current study emphasizes the need to exclude cranial indices from forensic anthropological analyses, especially the historically derived indices of DeVilliers (11) . As expected, the multivariate approach using the original measurements yielded higher accuracies that differentiated the three South African groups. The findings of this study reiterate the statement by Albrecht (17) , "In practice, it may be more troublesome to validate the use of ratios for a particular problem than to proceed directly to alternative, more elaborate, statistical procedures" (p.70).
